Abstract
or exogenous NHEJ pathways to repair DSBs generated by CRISPR-Cas9.
87
A Ligase-D-and Ku-independent E. coli native end-joining (ENEJ) mechanism 88 differs from classic NHEJ mechanism has been reported in E. coli and was named as 89 alternative end-joining (A-EJ) (11). In that study, DSBs generated by restriction 90 endonuclease I-SceI were repaired by A-EJ with an efficiency of 10 -5 . However, we 91 have not seen any report on the application of ENEJ in genetic engineering. (Fig. 1a) . Edited colonies were verified via blue-white screening, colony PCR,
130
and sequencing. The edited colonies were white in the Luria-Bertani (LB) plate 131 containing IPTG and X-gal, while the WT colonies were blue.
132
Six λ-Red-dependent methods (methods 16) were tested ( (Fig. 1e) , and the editing efficiency were 5.0 × 10 -8 and 2.0 × 10 -8 , respectively (Table   147 1, column 4).
148
Two NHEJ-dependent methods (methods 7 and 8) were also tested (Table 1) , and 149 the procedures of these two methods are summarized in Fig. S7 and S8, respectively.
150
Both methods achieved a high positive rate of > 50% (Fig. 1b) . However, the editing 151 efficiencies of the two methods were only 2.7 × 10 -7 and 9.9 × 10 -7 , respectively ( (Table S1 ).
162
We constructed a two-plasmid system in which the Cas9 and sgRNA were 163 expressed by different plasmids, namely p-PBAD-cas9 and p-PBAD-sgRNA-X (X refers 164 to the target DNA) (Fig. 2) . The two-plasmid system was more convenient in plasmid 165 construction than the one-plasmid system (16, 20 186 to 37℃, were tested for genomic editing, and 30℃ showed the highest positive rate 187 and editing efficiency (Table S1 ). In addition, we also optimized the culture time and 188 medium in order to further improve the positive rate and editing efficiency (Table S1 ).
189
The schematic procedures of the optimized CNEE are presented in Fig. 2 . Detailed
190
procedures are provided in Fig. 9 . First, the plasmid p-PBAD-cas9 expressing Cas9 and 191 the plasmid p-PBAD-sgRNA expressing sgRNA were transformed into the target strain.
192
Then, after one of the transformants was cultured for a period of time, L-arabinose was
193
applied to induce the expression of Cas9 and sgRNA, resulting in site-specific 
237
Using the same approach, we then iteratively knocked out dinB, a gene with an
238
ORF that was smaller than lacZ ( Fig. 3b) . One hundred colonies in the experimental 239 group were randomly picked for PCR screening and sequencing, with F3/R3 as primers.
240
The positive rate was 97%, and the editing efficiency was 2.2 × 10 -5 . All colonies that
241
were not positive (3%) were proven to have an intact dinB gene. Among the positive 242 colonies, 60% carried a sequence deletion within the ORF of dinB (Fig. 3f) . a pair of DSBs in the genome, followed by the re-joining of the distant ends (Fig. 4b) .
243

CNEE is efficient in knocking out large fragments
252
There is no essential gene in the 81-kb fragment, thus the knocking-out of this fragment bands. The positive rate was 99%, and the editing efficiency was 4.4 × 10 -6 (Fig. 4d) .
262
Using the same approach, we then iteratively knocked out an 83-kb large fragment the positive rate or the editing efficiency (Table 2) .
291
In previous methods, the minimal transformation efficiency of competent cells 292 was 10 8 10 9 (cfu/μg pUC19) to obtain a relatively high editing efficiency (Table 3) .
293
However, in CNEE, a competency of 10 4 (cfu/μg pUC19) is sufficient to obtain a 294 comparable editing efficiency (Tables 2 and 3) .
295
The DSB repair in CNEE is independent of RecA and LigB, but is dependent on
296
RecBCD
297
The CNEE system has been proved to be convenient and efficient for gene inactivation which is the first ENEJ pathway found in E. coli (Fig. 5a) the same as CNEE. We obtained a 100% positive rate (Fig. 6c) and a 2.4 × 10 -4 editing 331 efficiency (Fig. 6d) . The editing efficiency was eight-fold as high as that of CNEE,
indicating that the Mt-NHEJ was more efficient than ENEJ in repairing CRISPR-Cas9-
333
induced DSBs.
334
Most reported methods used HR to repair CRISPR-Cas9-induced DSBs. However,
335
according to previous reports, the RecA-mediated HR pathway in E. coli showed low 336 efficiency in repairing DSBs, thus, λ-Red system must be introduced to enhance HR 337 activity in these study (6, 20) . Now that the ENEJ, a weak DSB repair mechanism, 338 worked well in CNEE, it was interesting to know how RecA-mediated HR performs 339 using the same strategies of CNEE. We added a donor sequence containing two 340 homologous arms of 500 bp to plasmid p-PBAD-sgRNA-lacZ to generate plasmid p-
341
PBAD-sgRNA-Donor-lacZ (Fig. 6b) . The plasmid was transformed into MG1655 (WT)
342
strain along with plasmid p-PBAD-cas9. All procedures were the same as CNEE. As a 343 result, a 50% positive rate and a 4 × 10 -5 editing efficiency were obtained (Fig. 6c) . The 344 editing efficiency was slightly higher than CNEE, and the positive rate was lower than 345 CNEE. We found that nearly all the remaining colonies (50%) that were not positive 346 went through DSB repair by ENEJ mechanism, indicating that RecA-mediated HR was 347 equivalent to ENEJ in repairing CRISPR-Cas9-induced DSBs. To enhance HR activity,
348
we added λ-Red system to plasmid p-PBAD-cas9 to generate plasmid p-PBAD-cas9/PT5-349 Redγβα (Fig. 6b) . The plasmid was transformed into MG1655 (WT) strain, along with 350 plasmid p-PBAD-sgRNA-Donor-lacZ. The positive rate was 100% (Fig. 6c) (Table 3) . Many CRISPR-Cas9-dependent methods have been reported. In 380 these methods, the CRISPR-Cas9 system was combined with an exogenous DSB repair 381 system, λ-Red system, or NHEJ system to achieve site-specific genomic editing. were utilized to successfully increase the efficiency of introducing DSBs (7,8).
432
Moreover, the engineering of an inducible system helps circumvent this limitation. Off- 
452
Plasmids construction
453
The primers and plasmids used in this study are listed in Tables S2 and S3,   454 respectively. Detailed construction procedures for plasmids p-PBAD-sgRNA-X are 455 shown in Fig. S11 . The complete sequences of the plasmids p-sgRNA-template A, p-456 sgRNA-template B, p-sgRNA-template C, p-PBAD-cas9, p-PBAD-cas9/PT5-ligD-mku,
457
and p-PBAD-cas9/PT5-Redγβα are presented in Notes S1S6. The CRISPR target 458 sequences used in this study are listed in Table S4 .
459
CNEE procedure 460
First, the Kan-resistant (Kan R ) plasmid p-PBAD-cas9 was transformed into the target is shown in Fig. 2 and Fig. S9 . Details of the reagents and media used in the CNEE 474 are listed in Table S5 . Figure legends Step 1: Plasmids p-PBAD-cas9 and p-PBAD-sgRNA-X were 608 transformed into a host strain.
Step 2: a transformant was cultured for reproduction 609 before inducing genomic editing by adding L-arabinose.
Step 3: Plasmids in the edited 610 strain were removed to obtain a plasmid-free strain. 
